The aim of this study was to establish the underlying mechanisms by which a post-weaning high-fat diet (HFD) accelerates the perinatal programming of kidney injury occurring in the offspring of diabetic mothers. Methods: Male mice, offspring of nondiabetic and diabetic dams were fed with normal diet (ND) or HFD from 4 to 20 wk of age. Rat renal proximal tubular cells were used in vitro. results: On ND, the offspring of dams with severe maternal diabetes had an intrauterine growth restriction (IUGR) phenotype and developed mild hypertension and evidence of kidney injury in adulthood. Exposing the IUGR offspring to HFD resulted in rapid weight gain, catch-up growth, and later to profound kidney injury with activation of renal TGFβ1 and collagen type IV expression, increased oxidative stress, and enhanced renal lipid deposition, but not systemic hypertension. Given our data, we speculate that HFD or free fatty acids may accelerate the process of perinatal programming of kidney injury, via increased CD36 and fatty acid-binding protein 4 expression, which may target reactive oxygen species, nuclear factor-kappa B, and TGFβ1 signaling in vivo and in vitro. conclusion: Early postnatal exposure to overnutrition with a HFD increases the risk of development of kidney injury, but not hypertension, in IUGR offspring of dams with maternal diabetes. d iabetes during pregnancy, whether gestational or pregestational diabetes (type 1 or type 2), results in offspring at high risk of developing hypertension, cardiovascular disease, and chronic kidney disease in adult life. This phenomenon, termed perinatal programming, in which intrauterine events are associated with later adverse changes, has attracted much attention (1-3). Substantial epidemiologic data have also suggested that the offspring whose mothers were diabetic during pregnancy are susceptible to metabolic disturbances induced by postnatal overnutrition, as seen with high-fat diet (HFD) or with increased caloric intake in early life (1) (2) (3) (4) .
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iabetes during pregnancy, whether gestational or pregestational diabetes (type 1 or type 2), results in offspring at high risk of developing hypertension, cardiovascular disease, and chronic kidney disease in adult life. This phenomenon, termed perinatal programming, in which intrauterine events are associated with later adverse changes, has attracted much attention (1) (2) (3) . Substantial epidemiologic data have also suggested that the offspring whose mothers were diabetic during pregnancy are susceptible to metabolic disturbances induced by postnatal overnutrition, as seen with high-fat diet (HFD) or with increased caloric intake in early life (1) (2) (3) (4) .
Women who have diabetes during pregnancy and/or are obese and hyperinsulinemic are at risk of delivering macrosomic newborns (high birth weight), and both shortand long-term outcomes of macrosomic neonates are influenced by postnatal overnutrition (1) (2) (3) (4) . In high-birth-weight neonates, subsequent growth in infancy and risk of becoming obese or diabetic are directly and linearly linked-e.g., the higher the birth weight, the greater the risk of overweight and metabolic disturbances later in life (1) (2) (3) (4) . In contrast, pregnant women with severe, uncontrolled diabetes or diabetic complications, such as diabetic nephropathy and/or retinopathy, are at high risk of having a microsomic fetus (i.e., a fetus with intrauterine growth restriction (IUGR)) (5, 6) . Such infants may be markedly small for dates; but many develop excessive weight gain and increased fat deposition in early infancy, a proxy for neonatal overnutrition (7, 8) . However, the long-term outcome of IUGR offspring who experience overnutrition in early life is incompletely delineated.
Previously, we demonstrated in a mouse model that severe maternal diabetes (defined as maternal blood glucose concentration ~30 mmol/l) is linked to IUGR in offspring (mean decrease 20% of birth weight). Such offspring showed impaired nephrogenesis resulting in nascent nephron deficiency in neonate and manifested hypertension, glucose intolerance, and kidney injury in adulthood. The possible mechanisms involved in those phenomena include reactive oxygen species (ROS) elevation and activation of the nuclear factor-kappa B (NFkB), TGFβ1, and p53 pathways (9) (10) (11) (12) (13) .
Compelling evidence from both experimental (14) (15) (16) and human studies (17, 18) have suggested that perirenal and/or visceral fat depots may mediate the development of chronic kidney disease and hypertension. CD36 (19) (20) (21) (22) and fatty acid-binding protein 4 (Fabp4) (23) (24) (25) (26) (27) may mediate chronic inflammation, insulin resistance, oxidant stress, and fibrosis involved in proatherogenic hyperlipidemic states such as obesity. In this study, we followed these affected IUGR offspring from 4 to 20 wk of age and compared the metabolic impacts of post-weaning diet (HFD vs. normal diet (ND)) on handling of lipoproteins, hypertension, and renal function. Focusing on the kidney, we hypothesized that feeding the affected IUGR offspring with HFD after weaning would exacerbate Articles the metabolic perturbations and kidney injury in adulthood; we also hypothesized that alteration of renal CD36 and Fabp4 gene expression is associated with these adverse effects.
RESULTS

Growth Curves of Offspring
We compared the growth pattern of four subgroups of male offspring of nondiabetic (control) and diabetic dams-e.g., control offspring on ND (Con-ND, N = 17); control offspring on HFD (Con-HF, N = 15); diabetic offspring on ND (Dia-ND, N = 12), and diabetic offspring on HFD (Dia-HF, N = 12). Similar to previous reports (9-11), Dia-ND mice born with IUGR continued to have lower body weight (BW, g) throughout life (mean BW in cross-section time-point measurement decreased 20%; P ≤ 0.01; Figure 1a) . HFD increased BW of both Con-HF and Dia-HF animals over time. Offspring of diabetic dams were more sensitive to HFD as compared to those of control dams, as they showed the steepest climb in BW-i.e., a catch-up pattern from 4 to 5 wk (P < 0.05; Figure 1c ). In contrast, significant BW gain in Con-HF mice (vs. Con-ND mice) began only at 8 wk of age (P < 0.05; Figure 1b) .
Metabolic Parameters
At 20 wk, as compared with Con-ND mice, Dia-ND animals had increased plasma levels of nonesterified fatty acids (NEFA) (Figure 1d ; P < 0.01), triglycerides (Figure 1e ; P < 0.01), and cholesterol (Figure 1f ; P < 0.05), but not insulin (Figure 1g) . HFD was associated with elevated plasma levels of NEFA (P < 0.05), triglycerides (P < 0.05), cholesterol (P < 0.01), and insulin (P < 0.01) in Con-HF animals, but this was not seen in Dia-HF groups (Figure 1d-g ). Intraperitoneal glucose tolerance test (Figure 1h,i) and insulin sensitivity test (IST) (Figure 1j ) were performed at 19 wk before animals were killed. The fasting blood glucose concentration (mmol/l) at baseline of the four subgroups did not differ from each other (Con-ND Articles Aliou et al.
displayed a mild degree of impaired glucose tolerance (P < 0.05) when compared with Con-ND, as we also showed previously (10) . Con-HF animals showed less insulin sensitivity through the entire IST procedure (P < 0.01), while a similar IST pattern was observed for the other three groups (Figure 1j ).
Mean Systolic Blood Pressure
Longitudinal measurement of systolic blood pressure (SBP) (Figure 2a ), recorded from 6 to 20 wk of age, revealed that Dia-ND have significantly higher SBP over the follow-up period when compared with Con-ND, as previously reported (10) . HFD animals displayed normal SBP (mm Hg) at 10 to 20 wk of age, irrespective of whether they were offspring of dams with maternal diabetes or not (Figure 2a ).
Kidney Function and Adipocyte Morphology
As compared with Con-ND mice, Dia-ND animals exhibited significantly increased (P ≤ 0.05) urinary albumin/creatinine ratio ( Figure 2b ) and glomerular filtration rate (GFR; P ≤ 0.01; Figure 2c ). HFD was associated with a significantly increased albumin/creatinine ratio (P ≤ 0.05) in both groups of offspring compared with respective ND groups (Figure 2b ). However, HFD was not associated with changes of GFR/ tibia length (TL) ratio in either control or diabetic animals (Figure 2c) . The kidney weight/TL (mm) ratio among the four groups of animals remains unchanged either in ND or HFD condition.
As compared with Con-ND, Dia-ND mice had a decreased number of adipocytes (P < 0.01) collected from both perirenal and visceral fat. These changes were more pronounced in HFD offspring (Con-HF, P < 0.01; Dia-HF, P < 0.05; Figure 2d ,e).
Renal Expression of Extracellular Matrix Protein
Consistent with previous reports (9,10), Dia-ND offspring at 20 wk showed enhanced extracellular matrix protein accumulation seen by periodic acid-Schiff (Figure 3a ) and Masson's trichrome (Figure 3b ) staining, resulting in glomerulosclerosis (P < 0.01; Figure 3h ) and tubulointerstitial injury (P < 0.05; Figure 3i ).
Our immunohistochemistry (IHC) data indicate that the kidneys of Dia-ND offspring also had increased expression of TGFβ1 ( Figure 3c ) and collagen type IV (Figure 3d ) localized to both glomeruli (P < 0.01; Figure 3j ) and tubulointerstitium (P < 0.05; Figure 3k ). And most importantly, HFD enhanced Articles these changes in both groups of offspring (P < 0.01), particularly in the kidneys of Dia-HF mice.
Oil Red Staining, Oxidative Stress, and Apoptosis in Kidney
Within the kidneys of HFD animals (Con-HF vs. Dia-HF) at 20 wk of age, there was increased oil red staining (Figure 3e) , elevated oxidative stress on dihydroethidium staining (e.g., the nonfluorescent dihydroethidium is oxidized to fluorescent ethidium by superoxide anion (O 2
•− )) (Figure 3f ) and augmented apoptotic events on p53-IHC staining (Figure 3g ) in both glomeruli (P < 0.05; Figure 3j ) and tubulointerstitium (P < 0.05; Figure 3k ).
Renal CD36 and Fabp4 Expression
As compared with Con-ND mice, renal CD36 (Figure 4a (Figure 5b,c) .
In Vitro Studies
We performed in vitro experiments using bovine serum albumin (BSA)-bound sodium palmitate (BSA-PA) to treat immortalized rat renal proximal tubular cells (IRPTCs) (9) to confirm our in vivo observations. BSA-PA stimulated both CD36 and Fapb4 protein expression in a dose-dependent manner (Figure 6a) in IRPTCs. Moreover, BSA-PA (125 μmol/l) was associated with significantly induced ROS generation (Figure 6b ; P < 0.01), increased apoptosis (Caspase 3 activity, Figure 6c , P < 0.01; Hoechst staining, Figure 6d , P < 0.01; and phosphorylation of p53, Figure 6e ) and augmented NF-kB (i.e., p50/p65) as well as TGFβ1 protein expression (Figure 6e , P < 0.01) in IRPTCs.
DISCUSSION
This study indicates that IUGR offspring of diabetic dams postweaning fed with HFD showed "rapid" weight gain, catch-up growth, and subsequently displayed features of profound kidney injury associated with increased CD36 and Fabp4 expression. However, they did not have hypertension in adulthood.
In agreement with most human and experimental observations (1-3,7,8 ), we observed "rapid" catch-up growth in young Articles Aliou et al.
Dia-HF offspring from 5 to 8 wk of age. Con-HF offspring became obese over time, with elevated plasma lipids at 20 wk of age (i.e., NEFA, triglycerides, and cholesterol), whereas Dia-HF offspring had similar BW and lipid levels as Con-ND at 20 wk of age, underscoring the finding that postnatal HFD feeding has a differential impact on the growth pattern in the offspring of both nondiabetic and diabetic dams.
Similar observations were also reported in the small litter rat model in which smaller young offspring were exposed to HFD feeding (4, 28, 29) . The implications of those findings were that HFD enhanced insulin sensitivity and fatty-acid oxidation in the skeletal muscle and increased plasma levels of leptin, insulin, and adiponectin to maintain BW and metabolic homeostasis in the normal range (4, 28, 29) . Since increasing lipid oxidation might improve insulin sensitivity (30, 31) , in this study, when compared with Con-HF mice, Dia-HF animals with normal lipid metabolism and plasma insulin levels had a rapid insulin response and higher insulin sensitivity by IST measurement, hinting that enhanced lipid oxidation might have occurred in these animals. Taken together, our data suggest that Dia-HF animals might use HF as the fuel or energy to balance their BW and metabolism.
In humans, increased intrarenal and perirenal fat is associated with an increased risk of hypertension and chronic kidney disease (17, 18) . However, the observations of obesity-induced hypertension in animals are varied (32 , and HFD-induced obesity; responses of blood pressure include an increase, decrease, or no change, largely depending on strain, sex, age, environment, and the method of measuring BP. In this study, we did not observe an impact from HFD on the development of hypertension in either Con-HF or Dia-HF mice; our results are similar to reported observations in 5 out of 6 nephrectomized rats fed with HFD (33) and obese ZSF1 rats (34) . Previously, the mild hypertension we noted in Dia-ND animals (9,10) was mainly because of renal hypertrophy related to renal hyperfiltration with increased GFR. However, we noted that Dia-HF mice at 20 wk of age showed kidney weight/TL and GFR/TL ratios comparable to Con-ND animals, which might be a partial explanation for their normotensive status.
Renal injury has been reported previously in our Dia-ND mice (9) (10) (11) (12) (13) . In this work, we found that HFD augmented TGFβ1 and collagen IV gene expression, increased renal lipid accumulation, as well as heightened oxidative stress in both glomerular and tubular compartments in the kidneys of Dia-HF mice, resulting in significant glomerulosclerosis, tubular fibrosis, and apoptosis. Although our findings are consonant with other reports (14) (15) (16) , results reported in remnant kidney rats receiving HFD (33) seem to ameliorate these parameters/pathways to prevent kidney injury. Currently, we do not have further explanation for this discrepancy beside species differences. 
Articles
Emerging evidence suggested that CD36 (19) (20) (21) (22) and Fabp4 (23) (24) (25) (26) (27) are highly implicated in the pathogenesis of HFDinduced cell damage. For example, intrarenal CD36 has been identified as a novel mediator in renal diseases associated with proteinuria and renal dysfunction (35) . The elevated level of serum/plasma/urinary Fabp4 is considered a predictor or biomarker for renal dysfunction in diabetes and cardiovascular diseases (23) (24) (25) (26) (27) . Hence, we further hypothesized that these affected IUGR offspring fed with HFD would develop metabolic perturbations and kidney injury in adulthood that might be associated with alterations of both renal CD36 and Fabp4 gene expression.
Our data showed that HFD enhanced renal CD36 and Fabp 4 expression, which predominantly localized to PTCs (confirmed by colocalization in PTCs with the PTC biomarker, aquaporin 1), but not in glomeruli, suggesting that it is plausible that apparent CD36-and Fabp4-mediated PTC changes might be secondary to proteinuria and/or lipiduria.
We validated our in vivo findings with in vitro studies in IRPTCs and investigated the functional impact of free fatty acids (i.e., BSA-PA) on renal CD36 and Fabp 4 expression and its related molecular mechanism(s). We observed that BSA-PA stimulated both CD36 and Fabp4 protein expression in a dose-dependent manner in IRPTCs. CD36 has been shown to mediate PTC apoptosis (36) and to influence the binding and uptake of albumin in PTCs to promote proteinuria (35) . The activated CD36 in PTCs targets JNK, ROS, and inflammatory cytokines to facilitate renal dysfunction (22) . CD36 deficiency attenuates TGFβ1 signaling, NF-κB activity, and renal fibrosis in hypercholesterolemic mice (37) , whereas CD36 overexpression leads to lipid accumulation in PTCs (20) . On the other hand, Fabp4 was reported to be actively expressed in the peritubular and glomerular region to mediate renal dysfunction in diseased kidney (26, 27) . Fabp4, via the ER stress-JNK pathway, mediated vascular inflammation in the pathogenesis of cardiovascular disorders associated with obesity and diabetes (38) . Thus, we tested those potential mechanisms in IRPTCs in culture, and our data suggested that BSA-PA induced ROS generation, enhanced apoptosis (via phosphorylation of p53), and activated NF-kB (i.e., p50/p65) and TGFβ1 protein expression in IRPTCs. These data would support the concept that CD36 and Fabp 4, induced by free fatty acids, may contribute to the substantial PTC damages resulting in tubulointerstitial fibrosis and apoptosis.
Taken together, our observations suggest a synergistic contribution by CD36 and Fabp4 to renal dysfunction and injury. Our data indicate that, in addition to HFD-induced glomerular injury, HFD via increased CD36 and Fabp4 expression kit (Sigma Aldrich, St Louis, MO). Plasma cholesterol (µg/ml) was assessed by the amplex red cholesterol assay kit (Invitrogen, Burlington, Canada). Plasma insulin was measured by mouse ultrasensitive insulin ELISA jumbo kit (Alpco Diagnostics, Salem, NH).
Blood glucose levels were measured with an Accu-Chek Performa glucose meter (Roche Diagnostics, Laval, Canada) in the morning after a 4-h fast, as previously reported (9, 10) . Mean SBP was monitored by the tail-cuff method with the Visitech BP-2000 Blood Pressure Analysis System for mice (Visitech System, Apex, NC) in longitudinal fashion to minimize stress-related hypertension (9, 10) . The animals were acclimated to SBP measurement with a 2 wk period of pretraining starting at 4 wk of age (SBP measured 15 times/animal/ day, thrice weekly), followed by actual measurement of SBP thrice weekly from 6 wk until 20 wk of age.
Intraperitoneal Glucose Tolerance Test and IST
Intraperitoneal glucose tolerance test and IST were performed according to a standard protocol. Blood glucose was quantified with an Accu-Chek Performa glucose meter. Briefly, intraperitoneal glucose tolerance test was performed after a 6-h fast; 1 mg/g body glucose was injected intraperitoneally, and blood glucose levels were measured at 0, 15, 30, 60, and 120 min. IST was initiated after a 4-h fast. Humulin R (Eli Lilly Canada, Toronto, Canada; 0.75 units/kg) was injected intraperitoneally, and blood glucose levels were measured at 0, 15, 30, 60, and 90 min.
Glomerular Filtration Rate
As reported previously (9), we measured GFR in 20 wk-old male animals by the fluorescein isothiocyanate-inulin method, recommended by the Diabetic Complications Consortium. Urine samples, collected from mice individually housed in metabolic cages, were assayed for albumin/creatinine ratio (ELISA, Albuwell and Creatinine Companion, Exocell, Philadelphia, PA), as reported previously (9,10).
Histology
We assessed hematoxylin and eosin staining of adipocyte collected from both visceral and perirenal fat. The number of adipocytes Articles displayed in microscopic fields (N = 10 fields per animal) were quantitated in a randomized and blinded fashion. Renal morphology was assessed with periodic acid-Schiff and Masson's trichrome staining (9, 10) . IHC was performed by the standard avidin-biotin-peroxidase complex method (Santa Cruz Biotechnologies, Santa Cruz, CA), as described elsewhere (9, 10) . The antibodies used included polyclonal p53 and aquaporin 1 (Santa Cruz Biotechnologies); anti-TGFβ1 antibody (R&D Systems, Burlington, Canada); monoclonal anticollagen type IV antibody (Chemicon International, Temecula, CA); polyclonal CD36 antibody (Abcam, Cambridge, MA); Fabp4 antibody (R&D Systems). Oxidative stress in vivo was assessed by dihydroethidium (Sigma-Aldrich, Oakville, Canada) staining in frozen kidney sections as reported previously (13) . The classic scoring of glomerulosclerosis (scale from 0 to 4) (39) and tubulo-interstitial injury (scale from 0 to 3) (40) was based on periodic acid-Schiff images.
The semi-quantitation of the relative staining values was performed by NIH Image J software (Bethesda, MD) (9,10). The images (N = 6-8 per animal) were analyzed and quantitated in a randomized and blinded fashion.
Real-Time Quantitative PCR
Total RNA extracted from freshly isolated renal cortex was assayed for gene expression by real-time quantitative PCR and calculated using the ΔΔC t method, as reported previously (9-13). The Fast SYBR green mastermix kit and the 7500 Fast real-time PCR system (Applied Biosystems, Life Technologies, Foster City, CA) were employed for this purpose (9-13). The primer sequences are listed as: CD36 (S), 5′-catattggtcaagccagctag-3′; CD36 (AS), 5′-agcaacaaacatcaccactcc-3′; Fabp4 (S), 5′-aaggtgaagagcatcataaccct-3′; Fabp4 (AS), 5′-tcacgcctttcataacacattcc-3′.
In Vitro Studies
The IRPTC line (passages 15-18) reported previously (9) was employed for our in vitro studies. Caspase-3 activity, ROS generation, and Hoechst staining were measured in IRPTCs treated with or without BSA (fatty acid free; Sigma-Aldrich) or (BSA-PA (Sigma-Aldrich) overnight. The preparation of BSA-PA (125 μmol/l and 250 μmol/l) was described in detail by Roduit et al (41) . The antibodies used for western blot included NF-kB (p50/p65), p53, and TGFβ1 from Santa Cruz Biotechnology; anti-phospho-p53 (Ser 15) from Abcam.
Statistical Analysis
Statistical significance between the experimental groups was analyzed by one-way ANOVA, by using Graphpad Software, Prism 5.0 (La Jolla, CA). A probability level of P ≤ 0.05 was considered to be statistically significant and followed by a Bonferroni analysis with adjustment for multiple comparisons (9-13).
